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RESEARCHMEMORANDUM

AN ANALYSISOFTHEEFFECTOFSTRUCTURALFEEDR!ICK

ONTHEFLUI’TEROFA CONTROLSURFACEHAVINGA

POWER-BOOSTSYSTEM

By RobertH. Barnes

IWIMMARY -—

Inordertodet&rminethecausesofhorizontal-tailflutterwhich
hadbeenobservedona fighterairplane,a wind-tunnelinvestigationwas
conductedofa production,half-span,horizontaltail. Thelongitudinal
controlsystemof theairplane.compriseda radiusnose,unbalancedeleva-
tor,anda fullpower-boostsystem.Theflutterwasunusualinthatwhen
it occurredtheaerodynamicconditionswerealwaysthesame,butitdid
notnecessarilyoccurwhentheseconditionsweresatisfied.Thisspo-
radicnatureof theflutterwasverifiedin thetindtunnelinthat
flutteroccurredonlyonceduringthetests.Consequently,resultsof
teststo determinepotentialcauseswerenotconsideredconclusive.

An analyticalstudyusingananaloguecomputerwasthenconducted
fora simplifiedsystem.Theeffectsof severalfactorswereconsidered ‘-
anditwasfoundthata structuralfeedbackcausedby stabilizertwist
wasa destabilizingfactor.Further,structuralfeedbackoftheorder
ofmagnitudedeterminedfromthewind-tunnelresultscauseda significant
reductionin flutterspeed.

Thesuggestedmethodofpreventionistomakethecontrolsystemas
stableaspossiblewithoutdependingupontherestraintofthepower-
boostsystem,orto reducethestructuralfeedback.

INTRODUCTION

A wind-tunnelinvestigationof thehorizontaltailofan operational
fighterairplanewasconductedto.determinethecauseor causesof flut-
terwhichhadbeenobsertiedin flight.Itwasalsoobservedin flight
thatflutteroccurredonlyundercertainflightconditions(altf.tudenot
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over~,000feetandvelocityabout510milesperhour),butdidnot
.

alwaysoccurwhentheseconditionsweremet. Sincetherewereno signs
of flutterathigher.Machnumbersandaltitudes(butat lowerdynamic r
pressure),itappearedthatthesingle-degre”e-of-freedomtransonictype
of flutterwasnotinvolved.Also,-itwasfelt
wingwake‘~asnota factorsincethehorizontal
wingwake.

Tnehorizontaltailofthisairplanewas7

thatbuffetingfromthe” ““
taillieswellabovethe —

—

percentthick,hada
2~-percent-chord,radius-noseelevatorunbalancedbothstaticallyand
dynamically,andwascontrolledby a fullpower-boostsystem.

A two-dimensionalanalysismadeby tinemanufacturerinaccordance
withAirForcerequirementsindicatedmarginalstabilityat sealevel
forthespeedrangeoftheairplane.A three-dimensionalanalysisindi-

—

cateda greatermarginof stabilityat 700milesperhourbutdidindi-
catea flutterspeedof 795milesperhour. .—

Theinvestigationreportedhereinconsistedof twophases:first,
thewind-tunneltestsconductedintheAmes16-foothigh-speedwind
tunnel;andsecond,an analyticalstudyusingan analoguecomputer.
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criticaldampingofboost,pound-seconds .—

mode-shapefunctionrelatingtorsionaldeformationatany
spanwisestationto thedeformationat thetip

spanof stabilizerandelevator,feet

leverarmofboost,feet

time,seconds

spanwisecoordinate,feet

incrementaldisplacementof

incrementaldisplacementof

-.

boostcylinder,inches

controlvalve,inches

sectiontorsionalstiffness,pound-inchessquared

feedbackamplitudeparaneter,inchesperfoot-pound

sectionmomentof inertia,slug-feet ‘
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inertiacouplingbetweenstabilizerandelevator,slug-feet

booststiffnessparameter,foot-poundsperinch

aerodynamicmomentloading,pounds

timelagof feedback,seconds “

free-streamvelocity,feetpersecond

twistof stabilizerrelativeto root,radiem

twistof stabilizerat tip,radians

twistof elevatorrelativeto stabilizer,radians

twistof elevatorat tip,radians

logarithmicdecrementof dampedsinusoidalwave

boost-dampingratio

Subscripts

completesurfaceaboutelasticaxis

elevatoraboutitshingeline

MODELANDINSTRUMENTATION

Thetestvehicleforthewind-tunnelprogramconsistedofthe
empennageassemblyfroma productionairplane..Thisassemblycomprised
thehorizontalstabilizer,theportignoftheverticalstabilizercon-
nectingthefuselage.&dthehorizontalstabilizer,theelevators,and
therearpartof thefuselagecontafiingthe”controldevices(exceptthe
hydraulicpowersourceandthepilot’sstick).Thelefthorizontalsta-
bilizerandelevatoroutboardof theirintersectionwiththevertical
stabilizerwereremovedandfittingswereinstalledformountingthe
assemblyat thispoint.Photographsof theinstallationareshownin
figures1 and2. Theinstallationwasmadesothattherightelevator
andasmuchaspracticableoftherighthorizontalstabilizerwere
exposedto theairstream.Theprincipalsupportwasat thetopof the
windtunnelandwasmadeas rigidaswaspractical.Thesupportat the
forwardendof thefuselagetailcone(fig.2)wasprincipallyfor
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supportingtheweightofthisportionofthefuselage.Thestabilizer
angleofattackwa80.5°forafitests. ..

Inorderto completethesimulationofaircraftoperatingconditions,
a hydraulicteststandwasusedtoprovidea sourceofhydraulicpower
anda dummycontrolstickwasprovided.Thisstickwasprovidedwith
stopstorestrainitsmotion.

A schematicdrawingof theelevatorcontrolsystemis shownin
figure3 andphotographsshowingthehydrauliccylinder,valve,andcon-
trolquadrantarepresentedinfigure4. Itcan-beseenfromf&ure 3
thatthesystemwasof thefull-power-boosttypesincethepilot’sstick
movedonlythecontrolvalve,whichinturnactuatedthehydrauliccylin-
derinsucha directionthatthevalvewasreturnedtoneutral.

Theinstrumentationcomprisedaccelerometers,positionindicators,
andstraingages.Nineaccelerometersweremountedwithinthehorizontal
stabilizerat threespanwisestationsandonewasmountedat a point
estimatedtobe thenodeinthetorsionandsecondbendingmode. The
locationof theseaccelerometersisshowninfigure5. Twotypesof
accelerometerswereemployed,a commercialproduct(MBpickup)andthe
NACAaccelerometer.TheMBpickupoperatedon theprincipleofa spring-
restrainedcoilmoving_ina permanentmagneticfield,thenaturalfre-
quencybeingof theorderof 2-1/2cyclespersecond.TheNACAacceler-
ometeroperatedon theprincipleofa spring-restrainedmasswitha
straingagemeasuringthestressofthespring.TQena*_uralfrequency
ofthistypewasof theorderof 400cps. Thefrequenciesencountered
duringthetestswereabout35cps,thusbeingwellremovedfromthe
resonantfrequenciesofbothtypesofaccelerometer.Calibrationswere
madeofeachinstrumentforfrequenciesfrom10 to ~ cpson--ashake
table.

TWOslide-wirepositionpickupsweremountedbetweentheStabilizer
andelevatortomeasureelevatordeflection.Thespanwiselocationsof
theseareindicatedinfigure5 anda close-upo~ theinstallationnear
thetipis showninfigure6. Thesepickupshad,resolutionsbetter
thanO.1O.

Threeadditionalpositionpickupswereinstalledas shownin
figure3 tomeasuredeflectionsintheelevatorcontrolsystem.The
resolutionofthesepickupswas0.003inch.

A strain,.gagewasmountedon theelevatortorquetubetomeasure
theelevatorhingemoment.

—

Theoutputsofalltheabove-mentionedinstrumentswerefedtotwo
recordingoscillographs.Therecordsoftheseos-cillographswerecorre-
latedby meansoftimesignalsintroducedintoonechannelof eachunit. ““
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As a safetyprecautiontopreventexcessiveelevatormotionor
failureintheeventof flutter,adjustablestopswereprovidedonboth
surfacesat twospmwisepositionsandalsoonthetorque-tubebell
crank.Oneof thesestopsmaybe seenin figure6.

TESTPROCEIXJIUIANDRXSULTS

Thefirsttestinthewindtunnelwasperformedby increasingthe
Machnumberfrom0.4to 0.82in steps,thelattervaluebeingthechoking
Machnumiber.No signsof flutterwereencounteredduringthistest. The
secondtestwasidenticalto thefirstexceptthataftereachMachnumber
wasreachedtheelevatorwasvibratedby meansofa variable-frequency
vibratormountedon theelevatorbellcrankandhavinga staticunbalance
of 3/4inch-pound.Thefrequencywassetat thevariousresonantfre-
quencieswhichhadbeendeterminedin still.air. Duringthissecond
testa distinctflutterdevelopedat a hfachnumberofapproximately0.78
as thespeedwasbeingchangedandwithoutthevibratoroperating.The
dynamicpressurewas625poundspersquarefoot,thesameas duringthe
flutterexperiencedinflight.Thiscorrespondenceof dynamicpressure
isa significantindicationthat’thephenomenonisprimarilydependent
on thedynamicpressureratherthantheMachnumber.

Inam attempt todeterminethecauseof flutter,a processof
eliminationwasemployedinthesubsequenttests.Thus,oneat a time,
conditionswhichconceivablycouldinfluencetheonsetof flutterwere
eliminatedasmuchaspossible.Theconditionsconsideredincludedthe
following: .

1. Hydraulicsystemoperativebutwiththeelevatorlockedby
closingadjustablestopsat theelevatorhorn

2. Changes in initialelevatordisplacement

3. Airintroducedintothehydraulicsystem

4. Changesin freeplayat elevator-horn-hydratiic-cylinder
connectionto simulateeffectofwear

Subsequenttests,witheachof theabovefactorsalteredor
eliminated,failedtoproduceflutterwithoneexception.Thisexcep-
tionoccurredwhenthefreeplayof theelevatorwasprogressively
increasedfrom+0.03°to*0.68°by installingvarioussizedboltsto
connecttheelevator-controlhornandthehydrauliccylinder.Withthe
maximumfreeplay,flutteroccurredat about0.2Machnumberandwasof
thestabilizer-bending-elevator-rotationtype.As thefreeplaywas
reducedthespeedat“whichflutteroccurredincreasedandwhenthefree
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playwasreducedto,or lessthan,thewnufactureristoleranceof
.

1/8°total,no flutteroccurred.Theseresultspointoutthecritical
effectoffreeplayontheflutterbehavior,butdonotindicatethe t
causeoftheflutterunderstudyas it isknownthatthefreeplaywas
lessthan1./8° total. Inaddition,theseresultsindicatethatthe
elevator-stabilizersystem.alone(i.e.,withouttheboost-system
restraint)isunstable.Itcanreadilybe seen,then,thatifthe
restraintsystemtendsto,oractuallydoesybecou unstabletheaero-
dynamicsystem(stabilizerandelevator)willnotprovideanystabilizing
effect.Consideredfromanotherviewpoint,theaerodynamicsystemwill
extractenergyfromtheairifgiventheopportunityandisnormallypre-
ventedfromdoingthisonlyby theactionoftheboostsystem.

Becauseofthefailureofthevariousmodificationsto influence
theoccurrenceof flutter,itwasconsideredadvisabletorepeatthe
testinwhichflutteroccurred.Whenthiswasdoneno flutteroccurred
andseveralattemptsto induceflutteralsofailed.

Thus,outof severaltestsunderas nearlyidenticalconditionsas
couldbe established,onlyoneproducedflutter.Inviewof this,the
resultsof teststodeterminetheeffectsofvariousfactorscannotbe —
consideredindicative.Itisworthyofnotethatthebehaviorofthe
testvehicleandthatoftheairplaneweres~lar withrespectto inter-

.

mittentoccurrenceofflutter.

Analysisoftheoscillographrecordstakenduringflutterfurnishes
.

someinformationonthebehavioroftheelevatorandthepower-boost
system.Infigure3 arenotedtheamplitudes-ofmotionindicatedby the
positionpickups.Alsonotedistheangulardisplacementamplitudeof
theinnerendoftheelevatorandtheamplitudeofthehingemoment.
Thedirectionsofmotionindicatedinthefigurearethoseconsidered
positiveinrelationto thesignsof theamplitudes.Thedouble-sign

—

notationisemployedsinceallthemotionswereeithernearlyinphase
ornearlyoutofphase.Notethatthevalverod- hydrauliccylinder
relativetravelwas1800outofphasefromtheothermotions.No SigZ’lS
arenotedonthehinge-momentamplitudesincethephaseof thisquantity
relativetothemotionswasnotknowndueto failureof thetimesynchro-
nizationdevice.Inorderto obtaina completepictureofthemotions
whichtookplace,it isnecessarytoknowthemotionof theelevator
hornwhich,inturn,requiresthatitbe knownwhethertheboostsystem
wasdrivingtheelevatororviceversa.Considerationof thehinge-
momentsmplitudeandthecharacteristicsof theboostsystemindicates

.

theanswertothisquestion.Inorderfortheelevatortobe driving
theboostsystemwitha hingemomentof 210foot-pounds,thefrequency
ofoscillationwouldhavetobe neartheresonantfrequencyof theboost

.

system.However,informationfromthemanufacturerbasedon experimental
testsindicatesthattheresonantfrequencywasconsiderablygreaterthan
thefrequencyof flutter(36 cps). Sincethepotentialoutputofthe .—

,
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.
booetsystemwasabout175!)foot-poundsforthemeasuredvalvemotion,
itis evidentthattheboostsystemwasdrivingtheelevatorduringthe

& observedflutter.Then,usingthemeasuredhingemomenttodeterminethe
twistofthetorquetube,themotionof theelevatorhornwascalculated.

Inorderfortheboostsystemto drivetineelevator,itisnecessary
forsomethingto causethevalverodtomove. Ifthestructuralsystem
betweentheelevatorhingelineandthecontrolquadrantwasperfectly
rigid,sucha motioncouldnotoccursinceno disturbancewasintroduced
intothecontrolquadrant.Comparisonof thevarious motionsmeasured
willshowthatinconsistenciesarepresentwhichcanbe explainedonly
by admittingtheexistenceof structuraldeformation.

Ifitisassumedthatthecontrolquadrantwasfixedandtherewas
no structuraldeformation,thenthemotionof thecontrolvalverelative
to thehydrauliccylinder(positionpickupA) wouldbe equaltothe
motionof lineelevatorhorn. ThemotionofpickupA hasbeenshownto
%.vebeentO.02inch. Correctionof themeasuredelevatormotionfor
twistof thetorquetube,assumingtheboosttobe drivingtheelevator,
indicatesa motionof+O.08inchas infigure3. Thus,thesumof these
motionswasnotzero.Rather,thesumwas*0.06inch. Themotions
measuredby pickupsB andC areseentohavebeen*0.09inchand
ko.O&inch,respectively,whichareof thes~e orderofmagnitudeas
thediscrepancynotedabove.Consequently,it isapparentthata struc-
turaldeformationwasoccurring.. Thenatureof thisdeformationisnot
susceptibletoanalysts,butit isassumedto havebeentheresultof
stabilizertorsion.Thebasisforthisassumptionisthatsincethe
str”~cture(verticalstabilizer)whichconnectedtheelevatorhingeline
andthecontrolquadrantalsosupportedthehorizontalstabilizer,the
loadscausingdeformationof thisstructuremusthavecomeinitially
fromthehorizontalstabilizer.Sincethedeformationunderconsider-
ationisonewhichcauseda variationof thedistancebetweenthe
elevatorhingelineandthecontrol-quandrantsxis,theimposedload
wouldappeartohavebeena torsionltidon thehorizontalstabilizer.
Foranygivenloadingcondition,thetorsionaldeformationof the
horizontalstabilizerwouldhavebeenproportionalto thisload. Thus
a proportionalitywasassumedbetweenthetwistof thestabilizerand
deformationof theverticalstabilizer.

Nothingwasfoundin
. systdmof thistype. The

ofa servo-qontrolsystem
istics●

d

theliteratureon flutterwhichtreateda
uniquenessof thissystemliesin inclusion
withtheaerodynamicandstructuralcharacter-

Althoughtheabovediscussionof thetestresultsshowsthatthe
controlsystemwasnotactingentirelyas a rigidcontrol,thisfact
aloneisnotsufficientproofthatthestructuraldeformationwasthe
causeof theflutter.
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ANALYTICALSTUDY

Inviewofthetestresultsshowingthatthedeformationsofthe----
verticalstabilizerwereof significantamplitude,ananalyticalstudy
wasconductedto indicatetheeff,ectof structuralfeedbackonthesta-
bilityof thesystem.Thestudywasconductedwiththeaidofan elec-
tronicanaloguecomputerfromwhichtimehistoriesoftheresponsesto
impulsedisturbanceswereobtainedforanalysis.

Infigure7 are shownthegeometricandphysicalcharacteristicsof
thehorizontalstabilizer-elevatorcombinationas formulatedforthe
analysis.An untaperedsurfacewasassumed,thechordofwhichequaled
thatofthetestvehicleatapproximatelythe’”75-percent-spanlocation.
Bothsurfaceswereassumedtohaveuniformstructuralcharacteristics,
thatis,theywereuniformbeams.Thestabilizerwasassumedtobe fixed
at itsrootandtheelevatorwasconsidered@ be restrainedby the
boost,thuspermittingmotionat thispoint.“Theseandothersimplifi-
cationstobe mentionedweremadeto facilitatetheanalysis.Itwas
recognizedthattheresultswouldbe ofa qualitativenature,butthis
wasfelttobe sufficientto indicatethesourceof flutter.

Themassperunitspfiof thehypotheticalstabilizerandof the
elevatorwasthesaneasthoseforthetestvehicleatthe75-percent-
spanlocation.Thesectionspringconstants“CaandCP weredetermined
fromthemasscharacteristicsassumedandthenatura,lfrequencymeasure-
ment madeon thetestvehiclein stillairby meansofa forced-vibration
technique.Duringthesemeasurementstheboostsystemwasoperative,
thatis,itwassupplyingtheelevatorrestraintandnormalhydraulic
pressurewasmaintained.Thusthefrequenciesmeasuredincludedthe
effectsofthestiffnessofthehydraulicboost.However,simplecalcu-
lationsindicatethatthenaturalfrequencieswouldbe nearlythesame
underconditionsofrigidrestraintowingtothelargestiffnessofthe”
boost.

Intheanalysistobe presentedthebendingdegreeof freedomhas
notbeenconsideredsincethetestresultsshowedthefluttertobe,of
thestabilizertorsion-elevatorrotationtype.

Consideringelementsof span dx of thestabilizerpluselevator
andof theelevator,theequationsofdynamicequilibriumaboutthe
elasticaxisandhingeline,respectively,are:

.

—.. —

.

—

— — .

—

. —

._

.- —

—.

.

.

—
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“

a2 a2a a2P& +I#x-J~ dx+cp —
ax2

M@Go (2)

Theterms~ and% representtheaerodynamicmomentloading
(momentperunitspan)abouttheelasticaxisandhingeline,respec-
tively.Expressionsforthesequtities containsometerms dependent
uponthecomplexfunctionC(k)which,inturn,isa functionof the
frequencyof oscillationat a givenairspeed.Valuesof’ c(k) given in
reference1 arefortwo-dimensionalflow. Inreference2,a methodis
givenfordeterminingC(k)forthree-dimensionalflow. Thismethodwas
employedinthepresentstudy.Itshouldbe notedthattheunsteadyaero-
mc coefficientsarederivedfromincompressible-flowtheorybutare
considereda satisfactoryapproximationforthetiysiB athand.

Returningto considerationof equations(1)and(2),itIs seen
thattheyarepartialdifferentialequationsinboth x andt. Thatis,
ingeneral,a andJ3willbe dependentuponboth x andt. Thecustomary
procedurein flutteranalysisis toassumethe x dependencytobe that
whichexistsunderstill-airconditions(~~=o) eventhoughthefre-
quencymaybe differentunderconditionsof flutter.“Thechoicebetween
coupledoruncoupled(J=O)modesisa sub~ectof considerableresearch
andstudybutforthisanalysis,forreasonsof simplicity,theuncoupled
modeswillbe used. Thus,onlythefirstandthirdtermsof equa-
tions(1)and(2)remain.Solutionsof thesemo”difiedequationswhich
alsosatisfytheboundaryconditionsof theproblemwillindicatethe
possiblerelationsbetweena, ~,andx whicharetermedthemodeshapes.

Consideringnowtheboundaryconditions,it is seenthatforthe
stabilizertherateof changeof twistwithrespectto X, &/bX, which
isproportionalto themomentactingat anysection,mustbe zeroat the
tipsincethetipis free,and a mustbe zeroat therootsincethe
rootisfixed.Theboundaryconditionfortheelevatorat itstipis
that a~~x be zeroforthesamereasonas.forthewm. At therootof
theelevator,however,twoconditionsmustbe satisfiedto allowfor
actionof theboost.First,bP/bx mustbe finitesincetherewillbe a
momentappliedby theboost,andsecond,B mustbe finitesincethe
mment appliedby theboostwillresultinelevatordisplacements.

Thensolvingequations(1)and(2),asmodifiedinthepreceding
discussionandfortheaboveboundaryconditions,it is foundthatfor
thestablizerthepossiblemodeshapeswillbe combinationsof oneor
moretorsionalmodescorrespondingtoa fixedroot. Fortheelevator,
however,at leasttwomodesmustbe present,onecorrespondingto the
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fixed-rootconditionandonecorrespondingtothefree-rootcondition.
Fortheremainderof thisreport,thefirsttypewillbe termedthe
rigid-restraintmode,thesecondtype,thefree-surfacemode. For~he
analysisperformed,onlythefundamentalmodeof stabilizertorsionand
thefundamentalmodesofthetwonecessarytypesofelevatortorsionwere
considered,thatis,

a= [1ful(x)u=(t)
p= [f”Jx)l“(t)+[f’=(i)] ‘2(t) (3)

Thesubscript1 willbe assignedtotherigid-restraintmodesardthe
subscript2 tothefree-surfacemode. Thet~e-dependentfunc-
tions al(t),131(t),andP=(t)representthemotionsofthetipinthe
designatedmodes.

—

Sincethe x dependentfunctionshavenowbeenspecified,
equations(1)and(2)maynowbewrittenasordinarydifferentialequa-
tionsas follows:

d2[f&d]c~ a(t)dx+ MGdx = O
(ixZ

(4)

‘lP{[f~l(x)l -z= [‘21-}h -J“a(x)]wb+d2Mt) + f (x)

{.

[1d2f&(x) pi(t) + [Jd2f~z(x)~=(t)
Cfj 1dx+Mpdx=O (5)~2

dx2

—

Theseequationsareapplicabletoan elementof span dx ofthe
stabilizerandelevatorandmaybe solvedforanyspanwisestation.
However,solutionsfordifferentspanwiselocationsshouldnotbe expected
to indicatethesamedegreeof stability.Itisdesirable,of course,to
obtainanaveragesolutionwhichwillgivethemostaccurateindication

“

—
of theover-allstabilityoftheaerodynamicsystem.

.-.
Thesimplestmethod

●
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of averagingwouldbe to integrateequations(4)and(5)withrespect
to x. However,ifthisisdone,theintegralsofthefree-surfacemode
shape fp=(x)willvanishsinceT itrepresentsa vibrationwithan average
spanwiseamplitudeof zero. Sucha resultwouldindicatethatthismode
hasno effectonthestabilityof thesystem,andfurtherthattheaction

-.

of theboosthasno effectinasmuchasthismoderesultsfromallowing
foractionof theboost.TheseHcations seemimplausible.However,
ifa weightedaverageisobtainedby multiplyingequations(4)and(5)
by somefunctionof x beforeintegrating,thefree-surfacemodescan
be retained.Iftheweightingfunctionforequation(4)istakentobe
themodeshapeitselffal(x),theequation,beforeintegration,repre-
sentstheratioof therateof changeof energyoftheelementto the
angularvelocityofthereferencestation.Afterintegrationwith
respectto x, theequationrepresentsthetotalrateof changeofenergy
abouttheelasticaxis. Itis seenthatthismethodof averaginghasa
physicalinterpretation.To retainthisinterpretation,equation(4)
shouldbe multipliedby theangularvelocityof theelementandthenbe
dividedbya referenceangularvelocity.Sincetherearetwomodesof
elevatormotionpresent,however,therewillnotbe a commonangular
velocity.
ventthis
tobe the.
modewill
results.

.

As a resulttheequationwouldbecomenonlinear.To circLuu-
difficultytheweightingfunctionforequation(~)wastaken
rigid-restraintmode fp=(x)> theassumptionbeingthatthis
bedominant.Thisassumptionwasborneoutby theanalytical

Thequestionofweightingfunctionscanbe consideredfromthe
viewpointthatweightingtheequationsisequivalentto consideringthe
stabilityof somesectionstohavegreaterinfluencethanotherson the
over-allstability.As a consequence,theover-allstabilitywillbe
equivalentto thatof somerepresentativespanwisestation.Therepre-
sentativestationforthesimpleaveragingprocesswillbe themodepoint
of thefree-surfacemode(midspan);whereasfortheweightedaverage
used,therepresentativestationis at approximatelyTo-percentspan.

Equations(4)and(~)willnowbe reducedtoa solvableformexcept
thattherearethreeunkmowns,a(t),,61(t),and~=(t).Theadditional
relationswillbe obtainedfromtheboundaryconditions.

Themomentactingat therootof flapcanbe relatedto the
amplitudeoftherigid-restraintmodeas follows:

Moment= - ,,d@B.(xJ,(t) x=()
1 (6)

. dx

Thismomentisequalto theoutputof theboostsystemsoitwillbe
necessarynowto consideritsperformancecharacteristics.Infigure3,
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letthedisplacementofthevalverodrelativetothecontrol-quadrant
axisbe Z andthatofthehydrauliccylinder,Y. Consideringz andy
tobe incrementalValuesof Z andY, respectively,theoutputof the
boostisassumedtobe determinedby thefollowingrelationship:

Moment= K(z-y)+ b~
(~ -$)

(7)

Thisisan idealizedassumptioninthatitassumeslinearityanda first-
ordersystem.

Considerforthemomentthatthereisno inputsignalto theboost,
thatis,z is zero.Theboostoutputwillthenbe determinedsolely
by y whichcanbe relatedtotheelevatordisplacementat itsroot.
Thisbehaviorwouldthencorrespondtohavingtheelevatorrestrainedby
a springof stiffnessK andwithdampingequalto kg where b isthe
critical-dampingconstantand \ thedsmpiqgratio.l’herefore,the
factorK willbe termedthebooststiffnesspsrameterand ~ the
boost-dsmpingratio.Theonlyinformationavailableontheperformance
characteristicsof theboostdevicewasthestaticinput-outputrelation-
ship. Thisrelationshipwasidealizedas
sketch:

output

“2 /////
/

indicatedb~ thef~llowing
.

/
/

/
//

Input

Itis seenthatovera rangeof inputsigns@theoutputisproportional
to theinput,andforinputsoutsidethisrangetheoutputisconstant.
Theconstantofproportionalityinthefirstrange,then,istheboost
stiffnessparameter.Fortheanalysisthebreakinthecurvewasnot
considered,thatis,theperformancecurvewasassumedto continueas
indicatedby thedottedline. Theeffectoftheflatportionofthe
curvewo~ldbe
by considering
feltthatthis

r

—.
_=

——
-.

g

.

—-

. —
toreducetheeffectiveproportionalityconstant.Thus,
smallervaluesofthebooststiffnessparameter,itwa8—
effectwouldbe included.Althoughitwasknownthatthe —
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naturalfrequencyof theboostwasconsiderablygreaterthantheflutter
frequencyencountered,it ispossiblethattherewasattenuationof the
staticperformancecharacteristics.Thus,considerationof a smaller
valueof thebooststiffnessparametercanbe consideredtorepresent
thiseffect.

Inasmuchas thedampingcharacteristicsof theboostwerenottiown,
a rangeof valueswasconsideredby vsryingthedampingratio ~. The
referencedampingconstantwasobtainedby consideringtheloadon the
boosttobe pureinertk(i.e.,nonelastics~face). Thenequation(7)
becomes

Thenif z isassumedtobe zero,thatis,no inputsignal,theabove
equationcanbewritteninthegeneralform

where t istermedthe“dampingratio.”AssWing 5 tobe unity,

It
willbe

In
tohave

can-be seenby referenceto figure3 thatthedisplacementy
relatedto theelevatormotionat therootas follows:

y(t) = rpxa = - rP2(t) (8)

ordertoobtaina completesystemof equations,itisnecessarv
a relationshipdefiningz. InviewOF thee~lier

of theexperimentalresults,thefollowingrelationshipwas

(x= O,t)

TheproductCa~ (x=O,t)is equalto thetorsionalmoment

therootof thestabilizer.ThefactorFm willbe termed

discussion”
assumed:

(9)

actingat

the“feedback
amplitudepsrameter.ftThetimelag T is–includedto allowforthe
factthatdisturbancesrequirea finitetimetopropagatethroughthe



*
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structure.Equation(9)canbe interpreted
simal z to thetorsionaldeformationa

NACARMA51125.

.
asrelatingthefeedback
since&@x willbepro-

portionalto a. Thisinterpretationwillpermitcomparisonof the
—

analyticalandexperimentalresults.

InsummarY> equations(k))(5)) (6)) (7), (8), md (9) arethe
simultaneousequationsthesolutionofwhichtilldeterminethestability
ofthesystem.Suchsolut~onswereobtainedbymeansofan electronic
analoguecomputerfromwhichtimehistoriesof theresponsetoa pulse-
typedisturbancewereobtained.Theseresponseswereanalyzedto obtain”
thelogarithmicdecrementof thedominantoscn~llation.Forallthe
resultstobe presentedthefrequencyofthisoscillationwasapproxi-
mately50cps.

Theparametersconsideredwerefeedback”amplitudeparameterI?a,
velocityV, timelag T,booststiffnesspar,sineterK, andboost-
dsmping-ratio~. Exceptwherenotedotherwise,allresultswere
obtainedforzerotimelaganda boost-dampingratioof0.4.

Thesystemwasfirstconsideredwithlockedelevatorandno struc-
turalfeedback(z=~2=O)at severalvelocitiesfrom420to8.20feetper
secondanda densityof0.00161slugspercubicfootcorrespondingto
thatinthewindtunnelat theoccurrenceof flutter.Thiswasdoneto
establishtheeffectof speedontheaerodynaWcdampingofwing-flay
combinationforthepurposeof comparisonwiththetestresults,andalso
to establisha basistowhichthesubsequentresultscouldbe referred.
Theresultsareshoiininfigure8 by thecurvelabeledK = CO,Fa = 0.
On thiscurve,aswellas theremainingfigures,pointsbelowtheaxis
representa stablecondition,pointsaboveanunstablecondition,and
pointson theaxisa neutrallystableor fluttercoridition.Thecuxve
labeledFa . 0 representstheconditionofrestraintbeingsuppliedby
theboost(K= 160,000foot-poundsperinch)andno feedback.Comparison
ofthesetwocurvesshowsthattheflutterspeedisthesamealthough
therearedifferencesin stabilityat lowerspeeds.

Theremainingcurvesof figure8 areforseveralvaluesofthe
feedbackamplitudeparameterandindicatea significantreductionin
flutterspeeddueto structuralfeedback.Thevalueof Fa derivedfrom
theexperimentalmeasurementsisapproximately10 x 10-6,considerably
greaterthananyofthevaluesshownin figure8.

Resultssimilarto thoseshowninfigure8 wereobtainedforboost
stiffnessparametersof120,C00and80,000foot-poundsperinch.The
effectoffeedbackamplitudeparameterwassimilartothatshownin
figure8; thereforetheseresultsarenotpresentedinthisform,but
ratheras showninfigure9. Inthisfigure,theeffectof ctigingthe.
booststiffnessparameteris shownfortworepresentativevaluesof the
feedbackamplitudeparameter.Itwillbe noticedthatforzerofeedback

. .—

—

—

—

--

.

—

—

—
.
-.

.-—
.
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●

b

reducingthebooststiffnessfrom160,000to 120,000foot-poundsperinch
doesnotchangetheflutterspeed,anditappearsthatthesameistrue
whenthestiffnessis furtherreducedto 80,000.

Consideringnowthecurvesof figure9 fora feedbackamplitude
parameterof 4 X 10-s,it is seenthatas thebooststiffnessisreduced
theflutterspeedisreduced.Thistrendisbelievedtobe duetothe
presenceof a relativelygreateramountof thefree-surfacemodethan
wasthecaseforzerofeedback.Forthezerofeedbackcondition,the
smplitudeof thefree-surfacemodeof theelevatorislessthan5 percent
oftheamplitudeof therigid-restraintmode. On theotherhand,forthe
conditionsrepresentedby thesecurvestheamplitudeof thefree-surface
modeisapproximately30percentof thatoftherigid-restraintmodeand,
inaddition,thisratioincreasesas thebooststiffnessdecreases.It
isreasonedthatthisamountofthefree-surfacemodeissignificantly
destabilizingsince,ingeneral,a freesurfaceislessstablethana
fixedsurface.Itmightseemthatas thebooststiffnessisreducedthe
effectof feedback,whichhasbeenshowntobe destabilizing,wouldbe
reducedandthus,otherfactorsrefiiningunchsaged,therewouldbe an
increasein stability.However,sincethefree-surfacemodeincreasesas
thebooststiffnessdecreases,itappearsthattheeffectof thismodeis
predominant.Thisisnotto implythatstructuralfeedbackisless
importantthanthebooststiffnessinsofaras affectingtheflutterspeed
isconcerned.Rathertheoppositeis thecase,as canbe seenfrom
figures8 and9.

Theeffectoftimelagof thefeedbacksignalat twovelocitiesis
shownin figure10. Thelowervelocityconsideredhereisapproximately
thatformaximumstabilitywithzerotimelagandthehighervelocityis
thatforan unstablecondition.(Seefig.8.) Itis seenthatthe
effectof timelagis essentiallythessrneforbothof thesevelocities.
A timelagof0.001secondrepresentsa phaselagofapproximately20°
at ~ cps,or it canbe interpretedas thetimerequiredforsoundto
travelapproximately20 feetin solidaluminum.It isconcludedthat
timelaghaslittleeffect.

Theeffectof theboost-dampingratiois showninfigure11 forthe
samevelocitiesandbooststiffnessparsmeteras infigure10,butfora
differentvalueof Fa. Theresultsshowthatthedampingratiohas
littleeffect,especiallyforvaluesgreaterthan0.2.

Theresultsof thisanalyticalstudyshowthatof theparameters
consideredtheonehavingthegreatestinfluenceontheflutterspeed
wasthefeedbackamplitude.Thefeedbackamplitudeparametersconsidered
intheanalysisweresmallerthan,butof thesameorderofmagnitudeas,
thatindicatedby theexperiments.Thusthereisa strongindication
thatthisphenomenonwasthecauseoftheflutterexperiencedat the
unexpectedlylowspeed.Theobjectionmaywellbe raisedthatthe
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.
observedphenomenonwassporadicinitsappearanceundersupposedly
identicalconditions,whereasthemethodofanalysisrequiresthatthe
phenomenonalwaysoccursunderspecifiedconditions.Theveryfactthat

—
b

theobservedflutterwassporadicbothinflightandunderlaboratory
conditionsandevenunderdeliberateattemptsto induceitisan indi-
cationthatthecharacteristicsof thesystemarenonlinear.Forexample,
theperformanceoftheboostorthestiffnessofthestructuremaybe
nonlinear.Anothermanifestationwouldbe variablecouplingofthemodes
presentduringflutter.As a resultofthese~ossibilities,theresponse
of thesystemcoulddependupontheamplitudeand/orthetypeof dlsturb-

—

antewhichmustexistto initiateflutter.Inviewofthesecomplex-
ities,itis evidentlyimpracticaltoperforman analysis,evena non-
linearone,whichwillconsiderallthesepossibilities,assumingthat
theycouldbe expressedanalytically.Thus,themosttobe expectedof
a linearanalysisisan explanationofthefactthattheflutterspeed

—

islowerthanthatpredictedby conventionalanalysis.

Inasmuchas theanalysisshowsthatfeedbackofthemagnitude
indicatedby experimentwillreducetheflutterspeedby a significant
amouht,itisfeltthatstructuralfeedbackisa verypossiblecauseof
theflutter. —

Inordertominimizeoreliminatetheeffectof structuralfeedback
.

on theoccurrenceofflutter,theinitialstabilityshouldbe increased
orthefeedbackdecreased.Thefirstmethodrequiresthattheflutter
speed,neglectingstructuralfeedback,be ashighaspossiblesothatthe ‘“ ‘--
energyrequiredtoproduceflutter-inthedesignspeedrangebe increased.
Thesecondmethodrequireseithera morerigidstructureor careinloca%-
ingtheboastdevice.

CONCLUSIONS

Theresultsof experimentalandanalyticalinvestigationof”
stabilizertorsion-elevatorrotationflutterofa productionhorizontal

=

tailindicatethefollowingconclusions:

1. Theflutterobservedinflightandduringtheexperimental
investigationwassporadicandoccurredundersimilarconditionsof

.— —

dynamicpressure.
—

●–

2. Structuralfeedbackinconjunctionwitha power-boostdevice
canbe a destabilizingfactor. a–

amw’Tix&

1



3’I’ NACARMA51125 17

● 3. Inordertominimizethepossibilityof thistypeof flutterthe
stabilityof thesystem,neglectingfeedback,shouldbe madeas greatas

* possible,andtheeffectof feedback

AmesAeronauticalLaboratory
NationalAdvisoryCommitteefor

MoffettField,Calif.

shouldbe reducedby carefuldesign.

Aeronautics
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(a) Rear view.

Figure1.–~ stabilizer

(b) Front view.

installedinthe wind tunnel.
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(a) Generalview.

(b) Detailview.

Figure2.-T!besupportingstructureforthestabilizer.

.

—
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Elevator
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horn

Figure 3.- Schemotic diogram of elevojor control system,
test instrumentation, and amplitudes of motion

meosured during flutter.

.
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MB Acce/erution pickup

+ NAGA Accelerometer

O Position pickups w
Figure 5.- Location of velocity pickups, accelero-

meters, and position pickups on horizonfol foil.
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Figure6.-Details of insbllation of position pickup.
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Figure Z Schematic drawing of system considered in onalyticol 8tudy.
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